Abstract. We examined the effect of lafutidine, a novel histamine H 2 -receptor antagonist, on acid reflux esophagitis in rats in relation to capsaicin-sensitive afferent neurons. The esophagitis was induced in rats by ligating both the pylorus and forestomach for 4 h. Lafutidine (1 -30 mg / kg) and cimetidine (100 mg / kg) were administered either intragastrically or intraduodenally, while capsaicin (1 -30 mg / kg) was administered intragastrically after the dual ligation. Intragastrical administered lafutidine at >3 mg/ kg significantly prevented the hemorrhagic esophageal damage induced by the dual ligation, and this effect was mimicked by neither capsaicin nor cimetidine given intragastrically, but totally abolished by sensory deafferentation. In contrast, lafutidine and cimetidine given intraduodenally were both protective against the esophageal damage in a sensory deafferentation-resistant manner. The acid secretion in pylorus-ligated stomachs was significantly inhibited by these agents given intraduodenally, but not intragastrically. Vanilloid receptor subtype 1 (VR1) was expressed abundantly in the stomach, but very weakly expressed in the esophagus as assessed by Western blotting. These results suggest that lafutidine is effective against the esophageal lesions induced by acid reflux through inhibition of acid secretion and capsaicin-sensitive afferent neurons. The latter mechanism, not shared by cimetidine, may be due to the interaction of lafutidine with unidentified sites on sensory neurons other than VR1.
Introduction
Gastroesophageal reflux disease (GERD) is considered to be caused mainly by acid reflux due to acid hypersecretion and dysfunction of the lower esophageal sphincter (LES), the latter unable to prevent gastric acid from refluxing into the esophagus (1) . It has been believed that pH control is important in the management of GERD (2) . Indeed, several antisecretory drugs, such as histamine H 2 -receptor antagonists and proton pump inhibitors, have been shown to be effective against acid reflux esophagitis in humans and animals (3 -5) .
Capsaicin-sensitive afferent neurons are selectively stimulated by capsaicin, a pungent of hot chili peppers, through binding to vanilloid receptor subtype 1 (VR1), which has recently been cloned as a capsaicin receptor (6) , resulting in the liberation of the neurotransmitter calcitonin gene-related peptide (CGRP) and affecting several physiological functions (7) . In the gastrointestinal tract, these neurons play an important role in maintaining mucosal integrity (8 -12) . In addition, Bass et al. (13) demonstrated that these neurons in the esophagus were local effectors of mucosal protection, showing that intraluminal capsaicin prevented the esophageal damages induced by ethanol through an increase of blood flow in rabbits. Thus, it is likely that these neurons play an important role in maintaining the integrity of the esophagus.
Lafutidine [(±)-2-(furfurylsulfinyl)-N-[4-[4-(piperi-dinomethyl)-2-pyridyl]oxy-(Z)-2-butenyl
]acetamide], a novel histamine H 2 -receptor antagonist, has been shown to exhibit potent gastroprotective activity in addition to a gastric acid antisecretory effect (14, 15) . It has been also reported that the gastroprotective activity of lafutidine was independent of antisecretory activity but partially or fully mediated by capsaicin-sensitive afferent neurons (16) . Indeed, several studies demonstrated that lafutidine significantly prevented gastrointestinal damage in experimental animal models through these neurons (16 -18) . Thus, it is of interest to examine whether or not lafutidine has any protective action in the esophagus through capsaicin-sensitive afferent neurons.
In the present study, we examined the effect of lafutidine on acid reflux esophagitis in relation to anti-secretory effects and capsaicin-sensitive afferent neurons.
Materials and Methods

Animals
Male Sprague-Dawley rats (200 -230 g; Nippon Charles River, Shizuoka) were used. The experiments were performed using 4 -6 rats per group under unanesthetized conditions after 18 h fasting, unless otherwise specified. All experimental procedures described were approved by the Experimental Animal Research Committee of Kyoto Pharmaceutical University.
Induction of acid reflux esophagitis
Under ether anesthesia, the abdomen was incised along the middle and then both the pylorus and the junction between the forestomach and corpus were ligated, according to the method of Nakamura et al. (19) . The animals were killed with deep ether anesthesia 4 h later, and then the esophagus and stomach were removed and treated with 2% formalin for fixation of the tissues. The total area (mm 2 ) of lesions that had developed in the esophagus was measured under a dissecting microscope (´10). The person measuring the lesions did not know the treatments given to the animals. Lafutidine (1 -30 mg / kg), capsaicin (1 -30 mg / kg), and cimetidine (100 mg / kg) were given intragastrically (i.g.) through esophageal intubation or intraduodenally (i.d.) immediately after the ligation.
Defunctionalization of capsaicin-sensitive afferent neurons
The ablation of capsaicin-sensitive afferent neurons was performed chemically by subcutaneous (s.c.) injection of capsaicin once daily for three consecutive days (total dose: 100 mg / kg) two weeks before the experiment (12) . All capsaicin injections were performed under ether anesthesia, and the rats were pretreated intramuscularly with terbutaline (0.1 mg / kg) and aminophylline (10 mg / kg) before capsaicin injection to counteract the respiratory impairment associated with capsaicin injections. To check for the effectiveness of the treatments, a drop of capsaicin solution (0.1 mg / ml) was instilled into one eye of each rat, and the wiping movements were counted as previously reported (8) . Control animals received saline s.c. as the vehicle for capsaicin.
Determination of basal acid secretion
Under ether anesthesia, the abdomen was opened and the pylorus was ligated. The animals were then allowed to recover from the anesthesia. Four hours later, the animals were killed under deep ether anesthesia, the stomachs were removed, and the gastric contents were collected. After centrifugation for 10 min at 1,600´g, each sample was measured for volume and titrated with 100 mM NaOH to pH 7.0 using an automatic titrator (Commtite 550; Hiranuma, Ibaraki) for titratable acidity. Lafutidine (10 mg / kg) and cimetidine (100 mg / kg) were given i.g. or i.d. immediately after the ligation.
Expression of VR1 by Western blotting
Under deep ether anesthesia, the rats were killed, and the esophagus, stomach, and spinal cord were removed. Each tissue was homogenized in ice-cold 50 mM Tris HCl buffer (pH 7.4), containing 1 mM phenylmethylsulfonyl fluoride, 32 mM sucrose, 1 mm dithiothreitol, 10 m g / ml soybean trypsin inhibitor, 10 mg / ml leupeptin, and 2 m g / ml aprotinine. Then, the homogenized samples were centrifuged at 100,000´g for 1 h at 4°C. The supernatant was removed and the pellet was re-suspended in the homogenized buffer. The protein concentrations in the supernatants were determined using a BCA protein assay kit (Pierce, Rockford, Illinois, USA) and adjusted to 10 mg / ml using Tris-HCl buffer. Then, the samples (10 m g / lane) were electrophoretically separated on 10% SDS-polyacrylamide gels, and transferred electrophoretically to nitrocellulose membranes. Each membrane was incubated with anti-VR1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and treated with horseradish peroxidaseconjugated anti-goat IgG (Santa Cruz Biotechnology). The immune complexes were visualized using the enhanced chemiluminescence detection system (NEN, Boston, MA, USA).
Preparation of drugs
Drugs used in this study were lafutidine (UCB Japan Co., Ltd., Tokyo), capsaicin (Wako, Osaka) and cimetidine (Nacalai Tesque, Kyoto). Lafutidine and cimetidine were suspended in a 0.5% carboxymethylcellulose (CMC) (Nacali Tesque) solution. Capsaicin was dissolved in Tween 80 / ethanol solution (10% ethanol / 10% Tween 80 / 80% saline, w / w) for s.c. injection, while it was suspended in 0.5% CMC for i.g. administration. Other drugs were dissolved in saline. All drugs were prepared immediately before use and administered i.g., i.d., or s.c. in a volume of 0.5 ml / 100 g body weight.
Statistics
Data are presented as the mean ± S.E.M. from 4 to 6 rats per group. Statistical analyses were performed using the two-tailed Student's t-test or ANOVA followed by Dunnett's multiple comparison test, and values of P<0.05 were regarded as significant.
Results
Effects of lafutidine and cimetidine on acid reflux esophagitis
With ligation of both the pylorus and forestomach, severe hemorrhagic lesions developed in the thoracic esophagus in all animals 4 h later, the lesion score being 124.2 ± 5.4 mm 2 ( Figs. 1 and 2 ). Lafutidine (1, 3, 10, and 30 mg / kg) given i.g. prevented the lesions, the inhibition being 13.0%, 30.7%, 57.7%, and 49.1%, respectively; and a significant effect was observed at a dose of 3 mg/ kg or greater. In contrast, cimetidine (100 mg / kg) given i.g. did not affect the severity of esophageal lesions, the inhibition being 11.4%.
When lafutidine (10 and 30 mg / kg) was given i.d., the severity of esophageal lesions was also reduced in a dose-dependent manner. A significant effect was observed at 30 mg / kg, the inhibition being 76.4% (Fig. 3) . Similarly, cimetidine given i.d. at 50 mg / kg significantly prevented the development of esophageal lesions, the inhibition being 50.2%.
Influence of sensory deafferentation on the protective effect of lafutidine
In normal rats, when lafutidine was given i.g. (10 mg / kg) and i.d. (30 mg / kg), the severity of the esophageal lesions induced by ligation of both the pylorus and forestomach was significantly reduced, the inhibition being 52.0% and 74.5%, respectively (Fig. 4) . The protective effect of lafutidine given i.g. was significantly mitigated by chemical ablation of capsaicin-sensitive afferent neurons, the lesion score being 95.7 ± 4.8 mm 2 , which was almost equivalent to the value for sensory deafferented control rats (110 ± 8.2 mm 2 ). In contrast, sensory deafferentation had no effect on the protective action of lafutidine given i.d.; and the lesion score was 48.0 ± 4.7 mm 2 , the inhibition being 60.0%. Sensory deafferentation alone had no effect on the development of esophageal lesions. Fig. 1 . Effects of lafutidine and cimetidine on acid reflux esophagitis in rats. Under ether anesthesia, both the pylorus and forestomach were ligated, and the esophageal mucosa was examined 4 h later. Lafutidine (1 -30 mg/kg) and cimetidine (100 mg/kg) were given intragastrically (i.g.) through esophageal intubation, immediately after the ligation. Data are presented as the mean ± S.E.M. from 4 -6 rats. *Significant difference from the control, at P<0.05. 
Effect of capsaicin on acid reflux esophagitis
Since the protective effect of lafutidine given i.g. on the esophageal lesions was attenuated by sensory deafferentation, stimulation of capsaicin-sensitive afferent neurons is expected to be effective against acid reflux esophagitis. To test this possibility, we examined the effect of capsaicin given i.g. on the esophageal lesions induced by ligation of both the pylorus and forestomach. As shown in Fig. 5 , however, capsaicin (1, 3, 10, and 30 mg / kg) failed to affect the development of esophageal lesions, the severity of damage at all dose levels being equivalent to that of the control.
Effect of lafutidine and cimetidine on basal acid secretion
Pylorus-ligated stomachs accumulated about 5 ml of gastric contents within 4 h, the acid output being 122 -125 m Eq / h (Table 1) . Intraduodenal administration of both lafutidine (10 and 30 mg / kg) and cimetidine (100 mg / kg) significantly reduced the acid output, the inhibition being 41.9%, 60.9%, and 64.4%, respectively. Neither of these agents when given i.g. had any effect on acid secretion in pylorus-ligated rats.
Expression of VR1 in the esophagus, stomach, and spinal cord
With Western blotting, the expression of VR1 was observed in the rat spinal cord as well as the stomach (Fig. 6) . However, the expression of VR1 in the rat esophagus was very weakly, in comparison with the other two tissues. Fig. 3 . Effects of lafutidine and cimetidine on acid reflux esophagitis in rats. Under ether anesthesia, both the pylorus and forestomach were ligated, and the esophageal mucosa was examined 4 h later. Lafutidine (10 and 30 mg /kg) and cimetidine (100 mg/kg) were given intraduodenally (i.d.) immediately after the ligation. Data are presented as the mean ± S.E.M. from 4 -6 rats. *Significant difference from the control, at P<0.05. 
Discussion
The present study showed that lafutidine prevented esophageal lesions induced by ligation of both the pylorus and forestomach in rats. The protective action of lafutidine is due to two different mechanisms; one is mediated by an anti-secretory action induced by H 2 -receptor antagonism while the other is mediated by capsaicin-sensitive afferent neurons.
Lafutidine has been launched on the market in Japan as a novel histamine H 2 -receptor antagonist with gastroprotective as well as antisecretory activities (14, 15) . This protective action of lafutidine was independent of the antisecretory activity and partly or fully mediated by capsaicin-sensitive afferent neurons, since it was totally abolished by sensory deafferentation (16) . In the present study, we used intragastric administration for examining a direct effect of lafutidine on the mucosa, while intraduodenal administration was used for examining a systemic effect of lafutidine. Since the animals used in this experiment were subjected to pylorus ligation, the drug given intragastrically did not act systemically, unless absorbed in the stomach through the mucosa. Interestingly, we observed that lafutidine given i.g. significantly prevented the development of esophageal lesion induced by ligations of both the pylorus and forestomach. In contrast, cimetidine, another H 2 -receptor antagonist, when given i.g., failed to significantly reduce the severity of esophageal lesions. We further observed that intragastric administration of lafutidine and cimetidine at the dose used did not affect basal acid secretion in pylorus-ligated rats, suggesting that neither of these agents is successfully absorbed through the intact gastric wall. These findings support that intragastric lafutidine protects the esophagus, via capsaicin-sensitive afferent neurons, independent of the antisecretory action due to antagonism of the H 2 -receptor.
Capsaicin-sensitive sensory neurons, distributed widely in the upper gastrointestinal tract, including the esophagus (20, 21) , have been demonstrated to play an important role in mucosal defensive mechanisms (22) . Previous studies showed that the protective effect of lafutidine in the gastrointestinal mucosa was mimicked by capsaicin, inasmuch as this action was attenuated by sensory deafferentation (16 -18) . Indeed, several studies demonstrated the protective action of capsaicin in the esophagus. Bass et al. (13) reported that the topical application of capsaicin prevented esophageal damage by ethanol in rabbits and suggested the involvement of capsaicin-sensitive sensory neurons in maintaining the mucosal integrity of the esophagus. In the present study, however, the protective effect of lafutidine was not mimicked by intragastric capsaicin at any doses used. Although the reason for these different results remains unclear, it may be due to the difference in experimental models and animal species used in these studies. Further study is certainly required for resolving the discrepancy.
In the present study, Western blot analysis showed that the expression of VR1 in the esophagus was very weak in comparison with that in the stomach. This finding may explain why capsaicin failed to affect the esophageal damage and suggests that the protective action of lafutidine is not mediated by VR1, despite being dependent on the sensory neurons. We recently reported that lafutidine did not directly induce an increase in gastric mucosal blood flow and duodenal bicarbonate secretion, but enhanced these responses to acid or capsaicin in rats (23) . We also showed that lafutidine did not evoke an increase in intracellular calcium in rat VR1-transfected HEK293 cells (23) . These results support that lafutidine may augment the response to acid or capsaicin by sensitizing capsaicinsensitive afferent neurons through an unknown site other than VR1. Indeed, several vanilloid receptor subtypes and related channels have been cloned, and they have the different affinity to capsaicin or acid from the authentic VR1 (24, 25) . It is thus unlikely that the protective effect of lafutidine in the esophagus is mediated by VR1. Further study is required on this point, including determining the specific binding site of lafutidine on capsaicin-sensitive afferent neurons or the process by which lafutidine activates these afferent neurons.
Several defensive factors, such as mucosal blood flow, mucus secretion, and bicarbonate secretion, are involved in the mucosal protection mediated by capsaicin-sensitive afferent neurons (12, 26 -29) . Lafutidine has also been demonstrated to increase mucosal blood flow, as well as mucus and bicarbonate secretions in the gastrointestinal mucosa mediated by capsaicin-sensitive afferent neurons (17, 21, 30, 31) . Thus, it is possible that the lafutidine-induced esophageal protection observed in this study is also associated with alterations of these functions.
Gastric acid is the major factor in the pathogenesis of reflux esophagitis (1), and pH control has been thought to be important in the management of GERD (2). Indeed, several antisecretory drugs, such as histamine H 2 -receptor antagonists and proton pump inhibitors, have been shown to be effective against acid reflux esophagitis in humans and animals (3 -5) . In the present study, intraduodenally administered lafutidine significantly reduced the severity of esophageal lesions, concomitantly with the inhibition of basal acid secretion, and these effects were mimicked by cimetidine. It should be noted, however, that the protective effect of lafutidine (30 mg / kg, i.d.) was more potent than that of cimetidine (100 mg / kg, i.d.), although the anti-secretory actions of these agents were almost the same. Thus, it is assumed that the protective action of lafutidine given i.d. is attributable mainly to the inhibition of gastric acid secretion and prevention of acid reflux into the esophagus and partly to the stimulation of sensory neurons.
In conclusion, lafutidine is effective against acid reflux esophagitis through inhibition of acid secretion caused by H 2 -receptor antagonism and activation of capsaicin-sensitive afferent neurons. The latter mechanism, not shared by cimetidine, may be due to the interaction of lafutidine with unidentified sites on sensory neurons other than VR1. Thus, lafutidine is expected to be useful for the treatment of acid reflux esophagitis in patients.
